PCT WORLD INTELLECTUAL PROPERTY ORGANIZATION 

Ixuenuaonal Bureau 



INTERNATIONAL APPUCATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) interna tional Patent Cladflcttloo 7 : 
HOIS 


A2 


(11) International Publication Number: WO 00/35057 
(43) International Publication Date: 15 June 2000 (15.06.00) 


(21) International Application Number; PCT7US99/28891 

(22) International Filing Date: 7 December 1999 (07.12.9V) 

(30) Priority Data: 

60/111.4*4 7 December 1998 (07.12.98) US 

(71) Applicant (for alt designated States except US): CALIFORNIA 

INSTITUTE OF TECHNOLOGY [-/US J; 1200 East Cali- 
fornia Boulevard. Pasadena, CA 9 11 25 (US). 

(72) Inventors; and 

(75) Inventors/AppHcants (for US onfy): VAHALA, Kerry. J. 
RUS]; 328 Bridge Street. San Gabriel. CA 91775 (US). 
YARIV, Amoo RUSJ; 2257 Homci Road, San Marino. CA 
91108 (US). 

(74) Agents: COCHRAN. Adam; California Institute of Technology. 
Pasadena. CA 91125 (US) et al. 


(81) Designated State*: AE, AL. AM. AT. AU. AZ, BA. BB. BG. 
BR. BY. CA. CH. CN, CU, CZ. DE. DK, EE. ES. FI. GB. 
GD. GE, GK GM. HR, HU. ID. C. IN. IS. JP. KE, KG. 
KP. KR. KZ, LC LK, LR. LS, LT, LU. LV, MD. MG. MK. 
MN. MW. MX, NO. NZ. PL PT. RO, RU. SD. SE, SG. 
SI. SK, SL TJ. TM, TR, TT. UA. UG. US. UZ. VN. YU. 
ZA, ZW, ARIPO patent (GH. GM, KE. LS. MW. SD. SL. 
»A TZ. UG, ZW). Eurasian patent (AM, AZ. BY. KG, KZ. 
MD, RU. TJ, TM), European patent (AT, BE. CH. CY. DE. 
DK, ES, FI. FR. GB. GR. IE, IT. LU. MC. NL. PT. SE). 
OAPI patent (BF. BJ, CF, CG, CL CM. GA, GN, GW. ML. 
MR, NE. SN, TD, TG). 

Published 

Without international search report and to be republished 
upon receipt of that report. 



(54) Title: RESONANT OPTICAL WAVE POWER CONTROL DEVICES AND METHODS 




(57) Abstract 

An optical wave power control device and 
method enables signal control, such as modu- 
lation and j witching, to be affected within an 
uninterrupted propagation element, eg. an op- 
tical fiber or planar waveguide. The propaga- 
tion element is configured such that a portion of 
its wave guided power encompasses the exterior 
surface of the clement, intercepting the periph- 
ery of an adjacent high Q volumetric resonator. 
Power of a chosen resonant wavelength is cou- 
pled into the resonator, where it circulates with 

very low loss in accordance wish the principles of a whispering gallery mode device, and returns energy to the propagation element. By 
introducing loss within the resonator, the propagated power can be varied between substantially full and substantially zero amplitudes. Loss 
factors can be maintained such that the resonator is overcounted, ix. parasitic losses are less than coupling losses, and a critical coupling 
condition exists in which a small swing m the control effect causes a disproportionate change in the optical output signal. 
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RE SON A VT npp^ L WAVE POWER CONTROL DEVin^ 
AND METHODS 

This application relies for priority on the previously field provisional 
application, No. 60/1 1MS4 filed December 7, 1998. and entitled, "An All-Fiber-Opric 
Modulator". 

Field of the Invention 
This invention relate* to optical wave power contro l devices and methods, 
and more particularly to systems, devices and methods for modulating and switching 
signals transmitted in optical waveguides. 

Background of the Invention , 

In the now rapidly expanding technology of fiber optics, a number of 
discrete devices and subsystems have been developed to modulate, or otherwise control, 
optical beams that are at specific wavelengths. The approaches heretofore used, 
however, have not fully overcome one or more problems inherent in the requirements 
imposed by modem systems. Present day communication systems increasingly use 
individual waveguide fibers to carry densely wavelength multiplexed optical beams, and 
modulate the beams at very high digital data rates or with wideband analog data, or both. 

For example, it is known how to modulate the power of a mono frequency 
laser source, typically a se mi c o n duc tor laser. Using such m source, one must accept a 
limited modulation bandwidth because of constraints on the rate at which the laser can be 
turned on and off. In addition, this type of modulation introduces chirping, or spreading 
of the bandwidth of the signal from the monofrequency laser, so that dispersion 
variations with wavelength m signals that are transmitted in optical fiber over a 
substantial distance place an inherent limit on that distance." This approach does have the 
advantage, as compared to some other systems, of modulating at the source, so that 
ccsitinuity in the optical fiber structure can be preserved. However, semiconductor lasers 
that are mo d ulat ed must be coupled to optical waveguides by means which introduce 
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problems with yield, reliability tod cost. Consequently, the limitations mentioned above 
are such that long distance transmission systems tend to employ external modulators. 

The two forms of external modulators that are currently employed are 
monolithic waveguide devices. A widely used lithium mobate modulator of this type is 
based on a Mach-Zehnder interferometer and is being employed in long distance 
tra n s mis sion systems and other applications hrrnnsc it creates clean waveforms at the 
highest data rates and produces s minimal amount of chirping. As a monolithic 
waveguide device, it must be coupled at its input and output to an optical fiber, which 
requires costry packaging and assembly but even so introduces a substantial mismatch 
between the chip waveguide and the optical fiber waveguide, thus entailing losses in the 
range of about Sdb. Furthermore, it is polarization sensitive and must be actively 
temperature stabilized to compensate for the thermal drift characteristics of the 
interferometer 

A second waveguide device, more recently introduced, is also a 
monolithic on-chip device using an electro-absorption effect This modulator is 
fabricated integrally with a semiconductor laser, requiring sophisticated and costry 
fabrication technology that inevitably decreases the yield of the overall User device. In 
addition, such a device is subject to chirping, which places a limitation on high (10 
gigabhysec and higher) modulation rates. The integral laser/modulator chip must be 
coupled to optical fiber * again adding cost to manu iac t u ring 

There are a number of other patents of recent interest which disclose 
variants on the monolithic device structure, but all require a matching technique to be 
used to function with an optical fiber. Mention of signal modulation is made in at least 
two patents which often employ dielectric microcavrties for recirculating electromagnetic 
wave energy at optical wavelengths. •Whisperiag gallery mode" (WGM) structures, 
which comprise microresonator* of generally spherical, ring, or disc-like configuration, 
are of dielectric material, e.g. glass or silica. They are essentially totally reflective and 
support internal modes at frequencies determined by size and other factors, with very low 
losses, and therefore high Q. They are being investigated for use in a number of different 
optical configurations. U.S. Patent No. 3.343.490 to McCall, for example, discloses a 
closed loop WOM system configured as a thin element, described as 'an active material 



WO 00/35057 



PCT/US99/2M9! 



element of thickness characteristically of a maxim um of a half wavelength...." (CoL I, 
lines 62-63). Diska are described that have thicknesses in tho range of 1,000-1,300 A 
and have at leaat one optically active layer, sandwiched between thicker barrier layers. 
The optically active material may be InGaAs and the barrier layers InOaAaP material, for 
example. Fabricated into a microcavity using photolithogmphic techniques, the structure 
is described as having multiple potential functions. These comprise optically pumped 
single quantum well to multiple quantum well structures and various two port and three 
port devices which may function as, for example, detectors, data amplifiers, and current 
meters. It is mentioned in passing, as at Col. 6, lines 3-23, that the output may be 
modulated or unmodulated, but apart from general statements (e.g., "delicate destructive 
phase interfeieuce" in terms of canceling an unmodulated output) there is no teaching as 
to how modulation, much less high speed modulation could be effected. Continued 
evolution of this approach may lead to practical modulators at some point in time, but 
even then would free the bar rier s presented by the need for matching to fiber waveguide 
structures, and in cost, and in performance specifications such as insertion loss. 

A somewhat related approach is described in the "Photonic Wire 
Microcavity Light Emitting Devices" application of Ho, et al. in Patent No. 5.878,070. 
The inventors also describe a WGM microcavity with a gain medium of InGaAs 
sandwiched between InGaAaP layers of submicron thickness, but closely surround a ring 
of this opdeairy active structure with an arc of lower refractive index waveguide material 
in a general U-shape, the side arms of which may be tapered (Fig. 9). With this 
arrangement, there is resonant photon tunneling from the active material of the gain 
cavity to the oucpus-coupled waveguide, which serves as the core of the structure. The 
possibility of modulation, by varying the pumping power of the active medium section, is 
also suggested,- (Col. 15, lines 54-58) with no specific implementation being described. 
Since the concept is based upon a discrete and particular active waveguide core and an 
arc of low refractive wave index material serving as an output waveguide in close 
association to rt, is evident that the same problems that are presented by the McCall 
disclosure are also present here. 

In addition to toe rapidly increaaing use of fiber optic systems, there is 
constant evolution toward denser wavelength division multiplexing and higher data rates 
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per ch a nnel . Hiii in turn means thai frctors such as spectral bandwidth. frequency 
stability, compactness, and reproducibility are of added importance, and pl ace added 
requirement* on any new approach. 

An all fiber modulator, one that assures the continuity of the wave energy 
transmitted along an optical waveguide, will therefore be of substantial potential benefit, 
if it can be provided in a form that offers sufficient dynamic range, and minimizes 
insertion tosses while being capable of handling high data rates. It is evident that such a 
device, if wavelength sensitive, can also be used as an on-off switch, or a switchable 
bandpass filter, where required for specific applications. Prefcrabry, for- complex 
switching and routing systems having many channels, units using the same concepts can 
be fabricated using micro lithographic or microtnachining techniques. 

Summary of the Imggflgp 
Tbese and other objectives of the invention are met by a power transfer 
structure and modes of operation which variably attenuate (modulates) or completely 
block (switches off) the power propagated in a section of an optical waveguide. To this 
end a short section of an optical waveguide is modified to couple power into an adjacent 
high Q resonator microcavity in which wave energy of a resonant mode recirculates with 
power cumulation before return to the waveguide. In a first possible mode of 
operation, the optical losses upon one round trip in the resonator are such that resonator 
to wave-guide coupling losses are greater man other resonator losses. This is referred to 
as an over-coupled condition, under which condition the resonator minimally attenuates 
resonant optical power inc id en t from the wave guide resultin g in maximal waveguide 
transmission. By increase of the resonator loss per round trip (with resonator to wave 
guide coupling Joss fixed) tojsring h into balance with resonator to wave guide coupling 
loss, the condition goes from one of over coupling to critical couplin g, a condition in 
which wave guide power transmission is zero. The transmission along the waveguide it 
thereby modulated from ea t f nti sl r y unity to essentially zero. This requires a very small 
change in the round-trip loss induced by a control element, which may be external to the 
resonator or alternative^ based upen varying a property of the resonator itself. Such 
modulation provides very high data rate capability with an all waveguide transmission 
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structure thai involves no fl s crjn tinni tics and requires no coupling of dissimilar elements 
and has mmaMl mertian loss. Operation between a critical coupling condition and to 
undercoupled condition is also feasible for the purpose of modulation. In this second 
mode of operation round-trip resonator to wave-guide coupling loss is in balance with 
resonator losses before increase 6f the resonator loss by the control element. In mis 
condition wave guide Transmission is zero as described above. By increase of the 
resonator loss beyond the condition of balance a condition of under-coupling is obtained 
in which wave-guide transmission is restored to a value approaching unity transmission. 
Both the first and second modes of operation can also be realized using negative optic*! 
loss (or optical gain), however, the sense in which the optical gain is applied is opposite 
to that for positive optical loss. For example, in the first mode of operation, the losses 
would be such that a condition of critical coupling exists prior to application of the 
optical gain. The control dement would then apply optical gain to achieve a condition of 
over-coupling, thereby mohilating the transmission from essentially zero to essentially 
unity. 

Third and fourth modes of operation parallel the first and second modes 
of operation in that variation between conditions of over coupling and critical coupling 
(mode 1 and mode 3) or between conditions critical coupling and under coupling (mode 
2 and mode 4) is used to modulate wave-guide transmission. However, in these modes of 
operation, the resonator to wave guide coupling loss is varied (as opposed to being held 
fixed) while the other resonator losses are held fixed. The control element in these cases 
effects a variation in the resonator to wave guide coupling loss. Otherwise, the principle 
of operation is essentially the same as that for modes 1 and 2. 

In a firm mode of operation, the losses are such that the resonator is 
critically coupled to the wave guide. The optical path length of the resonator is men 
varied to shift the resonant frequency of the resonator into or away from resonance with 
the desired optical wave and thereby effect modulation. Optical path length variation can 
be achieved, for example, by electrooptic or nonlinear optical t rwfom j variation of the 
resonator dielectric constant 

Since the combined elements are very small and frequency specific a 
number of units can be used in combination with separate controls for dense wavelength 
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oavisioo multiplexing. Switching systems and multiple modulation ana^exnoas, with or 
witWuvnte rignal .ouictt or tmpl^ 
applications. . 

Further m accordance with the invention the optical waveguide or fiber 
may comprise a known cor*<ladding structure tapered down to a ahort section of much 
smalkrcross^ection. In this section the fiber his only a vertigial core, and power ii 
confined within the reduced cladding and a limited radius of the surrounding 
environment The WGM resonator periphery is within the external field in the narrow 
waist region providing a field coupling and the resonance geometry provides an 
equatorial internal surface that has essentially total internal reflection and/or wave 
guiding effect This establishes a high Q wave recirculation path within an internal 
circumference of the resonator. The field coupling transfers power into the resonator, 
which itself does not fully confine the wives, and a part of the power returns to the 
waveguide as output A loss control mechanism on, within, or adjacent to the resonator 
and influencing the exterior or interior fields introduces further loss, the value of which 
affects the power transmitted through the fiber. The loss control mechanism may 
advantageously be any form of transducer having s signal variable optical transmissrvity 
characteristic at the chosen wavelength. As one example, an optically active combination 
35 of Uven of semiconductor materials positioned on or near the resonator is of convenient 

20 size, efficiency and signal reipocisiveneas for the desired control. These materials could 
be bulk or qutmum well materials and their absorption varied by a photo pumping, 
injection enrrent, or applied Vohage. As another example, a variable coupling 
mechanism that couples resonator power to a separate structure such as another wave 
guide could be positioned to couple power from the resonator and thereby vary its 
25 round trip loss. 

The resonator element is conveniently a silica microsphere, disc, or ring 
sized to have resonant modes atone or more chosen wavelengths, and of the order of 
about 1 to 1000 microns m diameter. Advantageously the equatorial diameter is selected 
with respect to data rate and spectral linewidth, as wen as Q, and very small diameters 
30 (e.g. 30 imcrons) are needed for present and anticipated requirements. Likewise 
50 resonator shape and size afiect the frequency separation between adjacent resonator 
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mode*. This _ frequency separation must at a minimum exceed the desired modulation rate 
or signal bandwidth, however, in practice it must be wide enough to encompass the 
spectral extent of optical waves co-propagating in the wave guide. To this end, eccentric 
resonator structures are desirable such as oblate spheroids, discs, rings and oblongs. To 
be positioned and held in pr o per relation to the fiber waist, which may be of less than 10 
micron diameter, it can be attached directly, with, for example, the controllable loss 
transducer being on the opposite side from the fiber. 

Both theory and practice establish that the effective range of loss control 
that is to be observed need vary only between an overcoupled condition in which 
transmission is unity, or only slightly less, and a critical coupling condition in which 
transmission is a TTrrniatrd by in excess of 90%. Because this results, in real terms, from 
only a small change in applied loss by a loss control mechanism, this approach is 
therefore preferred to operation between a critical condition and an underooupied 
condition and to operation in which crin'cality is fixed while resonant frequency ii varied. 
In the latter cases different dynamic ranges must be recognized as to both control and 
power. 

The modulator is polarization sensitive, which is typically not of 
importance when it can be placed close to a source laser which provides a polarized 
output. Where it is desired to provide polarization insensitivity, two resonators, such as 
silica microspheres, can be disposed in orthogonal positions relative to the central axis of 
the fiber. The geometry of the resonator itselt as well as the material used, can be varied 
as long as the desired Q value and resonator modal frequency separation is maintained 
Thus oblate; ring, disc, elliptical, oblong, annular and polygon shapes, among others, are 
known and can be employed in this application. 

To utilize the.concepts for concurrent modulation of different wavelength 
signals multiplied on the same fiber, it is merely required to dispose a series of 
resonator/loss controller combinations along one narrow waist section, or along separate 
taper sections of the fiber. Each resonator is responsive only to its own chosen 
wavelength and the wavelengths are separately modulated with minimal cross- talk. In- 
fiber laser sources, such as OFB.fiber lasers, can also be employed m the series, adding 
optical pumping in co^iirectional or counter-directional relation. The integration of 
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multiple resoaator-bajed modulaton in a wavelength diviiioo multiplex lystam provides 
a wavelength addressable transmisxion system. 

Aj described above, for coocurrem modulation and for waveJength 
ipecific modulation of one co-propagated wave with other waves, an appropriate 
5 frequency separation between adjacent resonances is established to prevent unintended 
interference effects. Further the adjacent modal frequency separations within resonators, 
which support multiple modes at different frequencies, are arranged to exceed the total 
bandwidth of s frequency range of interest, such as that spanned by the number of WDM 
channels on the wiveguide fiber. Resonator geometries are adaptable to meet these 
10 requirements. 

Brief Pescrindon of the Drawing 
A better understanding of the invention may be had by reference to the 
following description, taken in conjunction with the accompanying, b which: 

Fig. 1 is a simplified block diagram and perspective representation of an 
15 all fiber optical wave control device in accordance with the invention; 

Fig. 2 is a fragmentary and idealized representation of a tapered optics) 
fiber and microsphere with a controllable loss element which may be utilized in the 
arrangement of Fig . 1 ; 

Fig. 3 is a simplified representation of the cross section of an optical 
20 absorber that may be utilized aa a loss dement in the transducer of Fig. 2; 

Fig. 4 is a fragmentary depiction of the interaction between fields of 
electromagnetic wave energy in the example of Figs. 1 and 2; 

Hg. 5 is a graph of the relation between waveguide transmission and 
resonator amplitude attenuation per round trip (a measure of round tip resonator loss) 
25 for calculated valuer. 

Fig. 6 is a graph of transmission values in relation to modal line width 
derived experimentally and confmning me calculated values of Fig. 5; 

Fig. 7 is a generalized view of a first alternative arrangement for control 
of resonator loss; 
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Fig. 8 is a generalized view of a second alternative combination far 
control of resonator loss; 

Fig: 9 is a modification in which two optical waveguides interact with a 
single resonator and in turn with each other. 
5 Fig. 10 it a schematic representation of field amplitudes and coupling 

coefficients in modeling a resonance-based control system; 

Fig. 11 is a simplified rep r es entation of a system for varying wave-guide 
transmission by shifting the frequency of resonance modes; 

Fig. 12 is a graph showing the relation between transmission drop and 
10 resonance mode center frequency shift 

Fig. 13 is a fragmentary perspective view of a modulator in accordance 
with the invention employing a planar waveguide and a disc re sonator . 

Fig. 14 is an example of how multiple modulators can be used with a 
common optical waveguide; 
15 Fig. 15 depicts a system in which multiple resonators interact with two 

waveguides; 

Fig. 16 is an example of an all-fiber source and modulator system, and 
Fig. 17 is a generalized example of a polarization insensitive optical 
modulator or switch. 

Detailed Description of the Invention 
An optical wave power modulator in accordance with the invention, 
referring now to Figs. 1 and 2 particularly, derives mono-frequency optical power from a 
source 10, such as a semiconductor laser. Since the device in the present example, a 
dielectric microcavity resonator, is polarization sensitive, the characteristic polarization 
of the optical wave is preserved by placing the device in relatively close proximity to the 
laser 10 or by using polarization nisiiitaming fiber between the source 10 and the 
dielectric microcavity. For this purpose, a short length of optical fiber waveguide 12 of 
conventional diameter such as about 92-125 microns incl udes an integral waist region 14 
of much smaller diameter, typically in the range of 1-10 microns. The waist region 14 
transitions the conventional fiber 12 at each end by integral converging and diverging 
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tapered sections 15 and 16. An outgoing length of conventionally-sized fiber 18 carries 
the modulated si gnal 

In the waist region 14 of the waveguide a high Q cavity resonator 20 
operating aa a WOM device is dispoaed in contact with, or at a spacing of the order of a 
few microns, from the surface- of the small waist 14. The high Q resonator 20 diameter 
is sized and shaped to have at least one resonant mode at a chosen signal frequency. 
Other resonances may exist within the resonator 20, but are of no effect as to a different 
mono-frequency signal If the input waves comprise more than one frequency, the 
resonator remains transparent to all but the chosen frequency as long as the modes are 
displaced from the wave, frequencies. Assuming for purposes of example only that 
1 550nm communication signal wavelength is chosen, the dielectric resonator 20, here a 
silica microsphere, will be m the range of approximately MOO microns in diameter. 
While a WOM resonator can be provided that has very low loss and accordingly very 
high Q, this militates against adequate spectral line width and use with high data rates. 
Although optical fiber systems face other problems such as group velocity dispersion at 
very high data rates, the tendency of systems builders is constantly to seek to increase 
data rate performance. Consequently, st presen t, rates of about 2.5 to 10 gigabits/sec are 
being used, necessitating that WOM resonant line widths be broadened to accommodate 
these rates. In a practical example, the resonator 20 is 30 microns in diameter for a data 
rate in the range of 1 to 10 Go/sec, for a 1550 zxm signal. In general, the spectral width 
of the WGM mode should be larger or equal to twice the width of the desired 
information bandwidth. The spectral width of the measured power transmission 
(resonator WOM line width) is related to the resonator quality factor or Q as follows: 

Q-v 0 /Av Equation (1) 
where the half width at halt msxzmnm is Av, and the WOM center line frequency is 
For a WOM resonance having a typical telecccmnunicaaoos wavelength of 1350 nm and 
a data rate of 10 Obits/sec (5 GHz bandwidth with NRZ format) the required optical 
bandwidth win be approximately 10 GHz, and the Q should be 19000 or leas. Empirical 
laboratory data shows that diameters of 30 microns or leu provide the n eeded 
characteristics, fortuitously because of the extrem e compactness and densities that are 
achievable. To be consistent with the preferred operation mode, in the over-coupled to 
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critically coupled range, Q should be decreased and hence spectra] iiaewidth increased 
by either reducing the round-trip propagation time within the resonator (i.e., reduce 
resonator size) or by mcreaaing the resonator to wave guide coupling loas. Coupling loss 
can be increased either by mcreaaing the spatial overlap of resonator modes with the field 
exterior to the fiber waist, by improving phase matelung conditions between the resonator 
modes and the taper modes or bom. 

For positional stability the microsphere 20 is, m the example, at tached 
directly to the waist region 14 of the fiber. A controllable loss transducer 22 in close 
juxtaposition to the opposite of the silica microsphere 20 from the waist region 14 is 
driven by a modulating signal source 24 to control the absorption of wave power 
circulating within and about the resonator 20, thuj adding a loss factor per round trip. If 
the control is analog between limits, then the waveguide power signal is modulated. If 
the loss control ii varied between conditions of maximum and zero transmission, then the 
unit functions as an on-off switch or as a digital modulator. 

Toe tapered sections, 15, 16 and intermediate waist region 14 of the 
waveguide may be provided, as is known, by stretching the waveguide under controllable 
tension as it is softened by one or more fixed or movable heat sources (e.g.. torches). 
Commercially available machines can be used for this purpose in production 
environments. The consequent reduction in diameter of about one or more orders of 
magnitude reduces the central core in the core/cladding structure of me optical fiber to 
vestigial size and function, such that the core no longer serves to propagate the majority 
of the wave energy. Instead, without significant loss, the wave power in the full 
diameter fiber transitions into the waist region, where power is confined both within the 
attenuated cladding material and within a field emanating into the surrounding 
environment aa depicted in fragmentary form in Fig. 4. Ate propagating through the 
waist region 14, exterior wave power is recaptured in the emerging tapered region 16 
.and is again propagated with low loss within the outgoing fiber section 18. 

The ailica nuexorpbere that forms the high Q resonator 20 in this example 
is coupled to the externally guided power about the waist region 1 4 of the waveguide. 
That is, at all times there is a coupling interaction from the principal fiber into the interior 
oT the microsphere 20 via the resonator periphery, as shown mFi&.4. The resonator 20 
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additivery recirculate! the energy with low loss in the "wnuperixig gallery mode-, 
rctomim&tpsjtoithepowtothe Tnere is also coupling to 

the controllable loss transducer 22 during each round trip. When t resonance exists si 
the chosen wavelength, the resonator 20 functions with effectively total internal reflection 
and with minimal internal attenuation and radiative losses. However, the emanating 
portion of the wave power isstili confined and guided, so it is presented for coupling 
hack into the waveguide waist 14. Extremely high Q values fas much as S billion have 
been observed) exist in this whispering gallery mode, seemingly first explicated by 
Rayleigh in an article entitled The Problem of the Whispering Gallery- in 1912. The 
phenomenon has since been investigated bom theoretically (as in an article by MX. 
Gorodetsky, et al. in Optics Letters 21. 453 (1996)) and in various implementations, as 
shown in the McCall and Ho patents referenced above. Different WGM devices have 
been disclosed and investigated in the uterature, including discs, rings, polygons, oblate 
and prolate spheroids. Furthermore, concentricity or approximate concentricity may in 
some instances not be necessary, since the WGM effect can exist in non-concentric 
boundary structures such as ellipses or race-track structures. 

The controllable loss device 22 can be derived from the class of 
electrically or optically variable light absorbers that can be controlled. A quantum well 
structure having controllable properties of photon absorption is particularly suitable, 
because the transducer 22 can comprise a plurality of layers disposed on or near a part of 
the drcumference of the microsphere 20, with layers comprising both active material 
(e^ InGaAs, numbered 2Z) and buffer layers (InOaAsP numbered 22*% so as to vary 
the photon absorption within a range controlled by an electrical signal. Such structures 
are described in detail in both the McCall and Ho et al patents referenced above. 

Other available approaches to provide material absorption of the optical 
waves are based, for example, on the use of semiconductor materials having band gaps 
which are either (1) larger than the energy of the signal wave photon energy or (2) 
smaller than the signal photon energy. Id either case, as seen in Fig. 7, the 
semiconductor could be deposited as a layer 30 on a part of the resonator 32 or situated 
near the resonator, and irradiated by an optical source such as a laser 36. In the former 
example, optica] pumping from the laser 36 generates carriers m the semiconductor layer 
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30, winch cause* free earner absorption of the optical wave thereby taking the resonator 
from an over-coupled to a critically coupled condition (assuming preferred operation) 
and reducing modulator transmission. While the modulation rate is determined by the 
carrier lifetime, this parameter can be shortened by introduction of defects into the 
semiconductor. 

In the Utter case, optical pumping from the laser 36 generates carriers 
which cause band-fflling-induced reduction of the optical absorption. In this case the 
modulator characteristic would be designed for maximum extinction (critical coupling) 
when there is no optical pumping; which is advantageous since the highest extinction can 
be "designed" into the device during manufacture. The wave power coupling relationship 
thus becomes over coupled as optical pumping is applied, and output transmission 
increases. As above, modulation rate is determined by carrier lifetime. 

In both these examples, carriers can be generated in the semiconductors 
and the modulation (or swhehing) can result, by the use of electrical rather than optical 
excitation. 

A different effect using a semiconductor layer 40 on or near a resonator 
42 can also be understood by reference to Fig. 8. Here a small parallel plate capacitor 
44 spans the resonator 42 and applies a variable field, which can be modulated at a high 
n-c, to the semiconductor layer. In this example the energy gap is selected to be close to 
but slightly larger than the signal photon energy. The resonator is initially overcouplcd 
■nd hence wave power transmission in the waveguide 46 is maximum To increase 
absorption an electric field is applied Jo the semiconductor layer 40 via the capacitor 44, 
and by way of the Franz-Keldish effect an increase in absorption is experienced by the 
w*ve in the resonator 42, thereby taking the resonator to the critical condition. This in 
turn decreases transmission from the optical waveguide 46 coupling to the resonator 42, 
and can be applied to modulate (or switch) power in the waveguide 46. 

The variation of loss can be effected in other ways, including using a 
resonator of variable toss material, by varying relative positions of resonator and fiber, or 
by introducing an element that couples power from the resonator into another structure 
such as a second waveguide. For toe case of coupling to a second waveguide, the 
coupling loss might feasibly be varied by varying the phase matching condition to the 
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second waveguide as, foe example could bo done using an electro-optic material The 
relatively slow variations achievable with morhmiril devices or temperature variations 
may be fully acceptable sj loss control dementi for some applications. 

A double optical waveguide combination with a common resonator 50 is 
shown in Fig. 9, to which reference is now made. The narrow waist sections 52, 53 and 
the two optical fiber waveguides 55,56 are shown, but it should be understood thai input 
sources and output circuits (not shown) can be arranged to u tilize the bi-directional 
properties of the waveguides 55,. 56 and resonator 50. Both waveguides 55,56 are 
coupled to the resonator 50 as is a loss transducer 58 which is varied by a control source 
59 in the critical coupling range as previously described. The coupling is such that the 
waist sections 52, 53 couple to essentially the same modes of the resonator 50 thereby 
enabling resonant power transfer from one wave guide to the other under the control of 
the loss transducer 58. When this coupling is symmetrica! with respect to the two waist 
sections 52,53 and when the aasociated resonator to waveguide coupling losses ex c eed 
other resonator losses, then Use resonator 50 is critically coupled to each wave guide and 
nearly complete power transfer from one wave guide to the other is possible on 
resonance. This power transfer is spoiled and the resonator 50 under coupled when 
resonator loss is increased substantially by the loss transducer 58. In this case, the power 
transfer is interrupted and resonant power in either waist 52, 53 proceeds with near unity 
transmission to respective waveguide outputs 55, 56. In this way the device functions as 
a wavelength addressable 2x2 switch in which signals can be controllably redirected. In 
all instances wavelength multiplexed signals out of resonance with the modes in the 
resonator 50 are passed through transparently from input side to output side. The loss 
transducer element in this 2x2 configuration would be essentially the same as that 
described for the modulatory xl switch) except that the 2x2 switch operates nominally 
in the critical to under-coupled regime. Bandwidth, modal frequency separation, and 
other design issues concerning the resonator structure would also be the same as those 
for the modulator. 

The coupling and control principles of the p r esen t invention differ 
substantially and uniquely from prior studies and disclosure astoWGM devices. From 
these it is known that an evanescent coupling exists, for example, between an optical 
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beam directed into a prim and reflected internally off one lice at a point at which a 
WGM microsphere is externally positioned. The prism will evanescently couple a 
portion of its wave en e r gy into a recirculating path within me microsphere if the 
fr-quency is at one of the resonant modes of the niicrosphere. It ii also known that input 
optical waves are transmitted out at essentially uncurniniched power, except for a 
minimum in the resonance range. A similar effect exists for the combination of i 
dielectric WGM resonator adjacent a tapered optical fiber waveguide, as has been 
shown. 

However, the ability to employ the recirculating resonant modes and the 
coupling effects requires understanding and proper use of a number of controlling 
conditions. Varying the transmitted power output between substantially lull transmission 
and substantially zero tnnsmmion. whether in modulation or switching, requires 
understanding and control of a number of parameters, meiiui mg the sources of resonator 
loss. The sources of loss experienced by the circulating wave are varied and distinct, and 
include: 

(1) Loss associated with the portion of the WGM field that is 
intentionally coupled from the mi cr o sp here back into the taper. 

(2) Distributed loss associated with the intrinsic properties of the 
microsphere such as optical absorption in the microsphere 
material, surface imperfections and surface connuninanon. 
With careful material selection and processing, however, pure 
silica microspheres or discs having smooth surfaces can be' 
prepared that introduce only very low distributed loss. 

(3) Parasitic losses, such as any arising from unintended coupling 
of optical power into modes mat are not returned to the fiber 
waveguide, e.g. radiation modes. By observation, these are 
found to be very low if proper conditions are observed for 
coupling. 

(4) Loss that is intentionally introduced into the sphere (that is not 
associated with the 'fling to the waveguide taper) to induce 
modulation or switching. 
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If the only source of loss is coupling loss {(1) above], conservation of 
energy dictates thai power from input to output will be 1 00V. transmitted. Since past 
development and practical results show the that non-coupling losses [(2\ (3) above] can 
be made small, they can be ignored m the following analytical model depicted 
graphically in Fig. 5 and based upon the following set of coupled linear equations for the 
complex field amplitude, uaing the quantities defined syrnboUcaily in Fig. 10: 

Four-port scattering equations: 

HV- xEi + Equation (2) 

E, + cEj Equation (3) 

Round trip propagation condition in sphere: 
E» - E* cte* where 6 = AC Equation (4) 

In equation (4), a gives the resonator amplitude attenuation per r ound trip 
** vy iwfpd wth one round trip of propagation in the sphere, 6 is the phase associated 
with that propagation, k is the propagation constant of the exerted mode, and C is the 
sphere circumference. Additionally, in equation (4) x, xf are the amplitude coupling 
coefficients from the waveguide to the resonator and vice versa and depend on the device 
parameters including resonator waveguide field overlaps and phase matching., while t, f 
are the four-port transmission amplitudes on the waveguide side and the resonator side 
(not to be c onrusrrf with modulator transmission). This model makes it possible to 
calculate the m s rimtrrn transmission attenuation as a function of a loss from an 
unspecified source other than loss factors mfaerent m the microsrjhere/waveguide system. 
The curve in Fig. 5 shows the results of a calculation that assumes numerical values for 
the coefficienrin the model that are consistent with measured Q"s m tapered fiber- 
rnicrosphere system tests. These values are only illustrative. The horizontal axis gives 
the amplitude attenuation per round trip, "a", induced by the unspecified loss, where a - 
1 corresponds to no additional losa. Ala- 1 there is therefore unity transmisa»on of 
resonant wove power. 

The efitec^inlnxlucing added losx, as seen in Fig. 3, where increasing 
coupling losa it to the left on the horizontal axis, is to increase afiesnati on until there is 
zero power frin s mrtmd . At this point added loss per round trip is the sole ca me, in this 
model, of the total drop in attenuation, and is achieved in the example used for Fig. 5 at 
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*° a of oo *y lboux 0.9997. Such * condition, known m niicrowave theory as -critical 
coupling", thus requires only a miinrtoamWof added loss to 

the transmitted waveguide power. Modification of the stale of the recirculating resonator 
minis manner thut provides the basis fee the exttnp^cations of fixe invention. 
Moreover, the resonant modes provide precise frequency selectivity. 

The calculated model result! shown in the curve m Fig. 5 are fiiUy 
confirmed by experimental measurement! of a tapered optical n^roicrosphere 
modulator, as shown in Fig. 6. These measurements were made with an Approximately 3 
micron waist fiber diameter and an approximately 300 micron diameter microsphere, 
adjacent to which a moveable microprobe was variably positioned to introduce 
incrementally controlled coupling loss. Due to the nature of the study, the horizontal 
axis is related to ibewidth instead of a, and the curve u reversed but the proof of critic*] 
coupling is clear. Significantly, critical coupling exists over a very small a variation, and 
the total loss at a - 1.000 is observed to be small. 7ms is also meaningful in other 
30 respects, because it shows thai distributed losses tod parasitic losses in toe measured 

structure are not only low, but less than tapered fiber to microsphere coupling losses. 
Thus an ^overcounted- condition naturally exists when there is no intentionally added 
loss. The experimental work empirically demonstrates further that the characteristics of 
35 the mode! for added coupling loss are reliable. 

20 As described earlier, operation of an optical modulator or switch 

employing a microresonator can be posited where an undercoupled condition exists, but 
would entail greater spreads in attenuation values, and likely be subject to lower dynamic 
40 ranges, and require more power. However, modulation from the critical coupling part 

into the overcoupled regime is preferable because the needed attenuation is so small that 
25 the Iocs control transducer or device can be mi mite and minimally invasive to the 
resonator modes. In addition, power consumption is minimized in this mode of 
operation. Depending on whether the attenuator is noo-absorbing or absorbing in me 
absence of a control signal, me modulator or switch will be irrvcrtmg or nor^iirverting. 
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30 An alternative approach (mode of operation 5 described in summary) to 

50 momiUtkxVswitchmg is based upon varying the optical path length of the dielectric 
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resonator itself under fixed resonator loss and coupling conditions necessary to obtain 
critical coupling. Referring now to Figs. 1 1 and 12. this effect vmes waveguide 
trsnaiusiaoalc^byshif^ 

from the transmitted opticaJ wave frec^iency. In the example shown, the surface of the 
resonator 60 is coated wife a polymer niatarial 62 which varies m refractive index 
depending on the electric field applied by an associated electrode pair 64, 65. The 
electric field is controlled by a signal source 66 so as to vary the coating 62 rcfr actively, 
which in turn causes the resonant frequency of the resonator 60 to shift Inconsequence, 
as seen in Fig. 1 1, a given optic wave frequency vt from a laser source remains constant 
bur the WGM line center frequency v, for maximum resonance shifts, causing a degree 
25 of extinction of the transmitted optical wave that varies with the degree of shift. In thai 

example, the resonator 60 is designed to provide full extinction ar full coincidence 
(critical coupJingX between v L and v # in Fig. 12 

The WGM resonant frequency can also be modulated m other ways. For 
example, the material of the resonator can be chosen to vary in refrsctive index under 
optical or electrical excitation. Temperature variations can also be used in cases where 
modulation rates are very low. 

Microlithographic fabrication techniques suitable for making optical 
waveguides and microresonators are now available that are b ased upon a number of 
different principles. As evidenced by the McCaJI and Ho et al patents referenced above, 
etectpo-optic WGM structures using layers of materials form controllable electro-optical 
devices with variable absorption (or gain) characteristics. As seen in Fig. 13, a narrow 
planar waveguide 70 comparable in waveguiding properties to a tapered optical fiber is 
built on a substrate 72 in evanescent coupling relation to the edge of a WGM disc 74, 
25 also buih upon' the substraJo-72: A loss control element that is responsive to electrical 
signals or optical pumping could also be added on the substrate 72 adjacent the disc 74. 
45 Ahernatrvely, the dielectric constant of the disc 74 could be changed to vary the resonant 

modes in the disc 74, aa discussed above. For this purpose an area 76 of the substrate 72 
is provided under and in contact whn the disc 74, to shift the dielectric constant on the 
30 disc 74 in response to a control source 78 of modulating or switching signals. 

Mkrouthograpoic elemenn can be reliably made on a production basis, and with precise 
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positioning of multiple eionent, can atufy the packaging needs of complex DWDM 
lyatems. Since they can be aerially coupled on a substrate, a aubstann^ nuniber of 
couplings to transmission fiben are not required. 

There are many systems configurmriocs in which multiple frequencies 
must be separately modulated or switched, and a muM-modulatar combination with the 
tapered waist 80 of t single optical fiber 82 shown in Fig. 14. Each modulator resonator 
&4a, SAb, 84c, 84d is resonant at a different frequency corresponding to one in the WDM 
signals on the fiber 82, is disposed as part of a ipaced series along The waist 80. Each 
modulator resonator S4a-d is separately modulated (or switched on and off) by a 
different loss control 86a-d respectively, the system provides separate but aoo- 
interfering variation of the WDM components. It will be recognized that these waist 
regions need not be shared but can be at different positions along the length of a fiber 
transmission line. In the example of Fig. 15, the same idea is extended into a 
combination with the double tapered waveguide concept of Fig. 9. Because the two- 
30 1 5 ^P** 0 " *P*rt waveguide waists 37, 53* each interact wim the different modulator 

resonators 84a'-<r; and can interact with each other as previoualy described such greater 
versatility in system design becomes feasib le 

The potential for WDM applications described immediately above is 
35 expandable to include active elements, such as tandem fiber Users (e.g. DFB fiber lasers) 

20 in series with multiple resonator based modulators to form an all-fiber mum-wavelength 
system of modulators and sources. Referring now to Fig. 1 6. a fiber with tapered 
sections (not shown) each including a controlled microcavity modulator 90 and 
40 responsive to a selected wavelength, X u X* X, ... Jt^ X, disposed along an optical fiber 

92 is alternated with in fiber DFB lasers 94, operating at like wavelengths. This creates a 
25 wavelength division multiplexed source having N channels. If N is not too large a single 
optical pump diode 96 can be used to pump the laser 94 in a counter^irectionai fcahion, 
as shown (or m a co-directional fash inn). While the modulator! and fiber lasers are 
shown aaaWauxng. they can also be arranged m serial se^ not generate 

interfering signals in any event 

WOM resonators are resonant at a mi m br r of frequencies, and the 
separation to be established between them is dependent in part on the requirements of any 
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associated multi-frequency system. Thus the frequency separation between resonances 
must be sufficiently Urge to prevent unintended modulation of waves co-propagated with 
the wave to be modulated, in a WDM system, the separation shc^d encompass the 
bandwidm of all chssneU on the optical waveguide. For example, m a WDM system 
using 16 channels with 100 GHz channel separation a reaonator modulator would need to 
have a modal frequency separation n rrm ling approxunately 1.5 THz of bandwidth. 
Greater numbers of co-propagating waves on a WDM waveguide would necessarily 
require greater model frequency separation. Such considerations affect resonator 
selection, as in the geometry of the microcavity. For example, to meet such separation 
requirements oblate spheroidal, disc and ring geometries would be preferable to 
microspheres. 

The value of a completely in-line multiplexing system will be evident to 
those skilled in the art Given thai the frequency selectivity of the modulators combines 
wrm then- transparency to aU other signals, and that all components are of sizes of the 
order of microns, simplicity, freedom from mismatch and compactness are all achieved 
concurrently. 

The transmission function of a WGM microcavity resonator is 
polarization dependent, because of the orientation needed for electromagnetic mode 
recirculation about the equator of the microcavity. Normally this is not of concern 
because the resonator can be placed in proper relation close to a laser source, which 
emits predocninantry polarized optical wtvea. In systems where thii is not fcaaible or 
other factors affect polarization, an irrangement such as that in Fig. 17 can be used. A 
tapered optical fiber 100 with a narrow waist region as previously described coacts with 
two resonators 102. 103, here microspheres, which are orthogonally separated about the 
circumference of the fiber 100. Each is associated with a different loss transducer 104, 
105 property oriented, that as varied by a lots control 108. Separate loss controls may 
be employed m some rituattous. Regardless of the vectorial Qirection or arbitrary state of 
polarization, this arrangement modulates or switches the optical wave energy as in the 
previous examples. 

It will be appreciated that a whstitntial number of other expedients are 
made possible because of the capability for frequency selective power control afforded 
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by the cooccpts of this invention. For example, where input optical power is itself 
modulated the power transduction at the resonator can be made to unction as a detector, 
nii* means that the input optical waves in a WDM signal can be selectively converted to 
electrical signals without discontinuity being introduced into the optical transmission line. 

It will also be recognized that optical gain (negative loss) instead of loss 
can be used to vary critical coupling in the modulator (ice also discutsioa in summary 
section). 

While there have been described above various forms and raodiBcations, 
it will be appreciated that the invention is not limited thereto but encompasses all 
variations and expedients within the scope of the appended claims. 

CLAIM- 

1. An optical wave power control device for varying the transmitted power ti at 
least one optical frequency (i.e., optical carrier wave) on' an optical wave power 
transmission member, comprising: 

an optical wave transmission member configured far propagating 
optical power at at least one optical frequency in a spatial mode extending 
outside the croas-eectional periphery of the member, 

at least one whispering gallery mode optical wave resonator 
disposed in coupling relation to the spatial mode of the wave transmission 
member, and positioned to couple wave power from and to the member, and 

at least one control means, each m operative relationship to a 
different one of the at least one resonators, for varying round trip loss of the 
respective r e s onator such that the optical wave transmitted in the wave 
tra nsmitri on member is varied in power level. 
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2. An optical power control device a* set forth in rlsim 1 above, wherein the control 
means is coupled to the resonator and absorbs optical wave power from the 
resonator 

3. An optical wave power control device as set forth in claim 2 above 

wherein the resonator and member introduce losses such that the resonator 
is overcoupled and the loss induced by the control means attains critical 
coupling. 



4. An optical wave power control device as set forth in claim 1 above, 

wherein the loss per round trip of recirculating modes at the resonant 
frequency is maintiirrri in a critical coupling regime. 

5. An optical power control device as set forth in claim 1 above, wherein the 
resonator comprises a member having an approximately equatorial periphery with 
a diameter of less than about 1000 microns disposed in a position relative to the 
wave power transmission member to couple with wave power in the member and 
circulate resonant modes equatorially. 



6. An optical power control device as set forth in claim 5 above, where the resonator 
has a. Q that is selected in accordance with me desired wavelength and bandwidth 
of the transmission that is being modified. 
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7. An optical power con&ol device as set forth in claim 5 above where the 
froquency separation of resonator modes is selected in accordance with the 
spectral exam spanned by the frequencies propagating m the member. 



8. lAs\ opticiJ power control device as set forth in claim 7 above wherein the 
resonator mode frequency separation is greater than 200 GHz. 



9. An optical power control device as set forth in 6 above, where the resonator 
circumferential periphery diametral dimension is less than about 100 microns and 
has a Q of the order of 20,000 in the 1550nm teiecommuni canons band. 



10. An optical power control device as set forth in claim 1 above, wherein the 

transmission member is a planar waveguide and the resonator is a disc, a ring, or 
a closed loop. 



11. An optical power control device as set forth in claim 1 above, wherein the 

transmission member is an optical fiber with a narrowed length and the resonator 
is a microsphere in close juxtaposition to the narrowed length of the fiber. 



12. An optica] power control device as set forth in claim 1 above, wherein toe 

transmission member is an optical fiber with a narrowed length and the resonator 
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is s e l e cted from the class comprising discs, rings sod oblate spheroids in close 
juxtaposition to the narrowed length of the fiber.. 

13. An optical power control device as set forth m claim 1 above, wherein the device 
comprises a modulator responsive to a given optical frequency. 

14. An optical power control device as set forth in claim 1 above, wherein the device 
comprises a switch responsive to a given optical frequency. 

15. A control device as set forth in claim 1 above, wherein at least one control means 
comprises a semiconductor element in coupling proxim ity to the resonator and 
responsive to a control signal for variably absorbing wave power circulating 
about the resonator. 

16. A control device as set forth in claim 15 above, wherein the semiconductor 
element comprises a multi-layer photonic element of at least one layer of 
quantum well material insulated by barrier Uyers and responsive to applied 
signals to vary in absorption characteristics. 



17. A control device as set forth in claim 1 above, wherein the at least one control 
meant c omprise s a semiconductor in contact with or near the resonator, and 
means for illuminating me aomiconduetor to change me absorption and the loss. 
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18. A control device as set forth in claim 1 above, wherein the at least one control 
means comprises a semiconductor m conou* with or near the resonator, and 
means for applying a controllable electrical SeLd to me semiconductor to change 
the absorption and the loss. 

19. A control device as set forth in claim 1 above, wherein the control means for 
varying the power coupled into the resonator comprises means for varying the 
refractive index of the resonator to shift the frequency of the resonance modes of 
the resonator to modulate the transmitted power. 

20. A control device as set forth. in daim 19 above, wherein the means for varying the 
refractive index comprises nonlinear optical means ar the resonator and m eans for 
eradiating the resonator to vary me resonate refractive index 

21. A control device as set forth in claim 19 above, wherein the means for varying the 
refractive index comprises material on the resonator whose refractive index varies 
with an electric field, and means for applying a varying eJecfric field to the 
material to modify the refractive index and frequencies of the resonant modes of 

22. A control device as set forth in claim 1 above, wherein the power t ransmitted is 
varied mcoc4onicalry between limits to modulate the transmitted wave power 
with data at a selected data rate. 
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23. A control device at let forth in ciiim 22 above, wn cieiu the frequency separation 
between me resonator modes b selected in accordance with the ipectrai extent 
spanned by the frequencies propagating in the TKf u b ft . 

24. A control device as set forth in claim 22 above, wherein the Q of the resonator is 
established at a level determined by the wavelength and data rate/signal 
bandwidth of the modulating signal. 

25. A control device as set forth in claim 22 above, wherein the resonator has a Q of 
the order of 20,000 in the 1550r*n telecommunications band, the resonator has a 
diameter of less than 100 microns, and the modulating signal has a data rate of 
the order of lOGigabits per second. 

26. A control device *a set forth in claim 1 above, wherein the optical wave 
transmission member propagates a number of different frequencies and wherein 
the device includes a plurality of resonators, each resonant at s different one of 
the propagated frequencies and in coupling relation to the wave transmission 
m em b er, and a plurality of control means, each disposed in relation to a different 
one of the rcsonators~and controlling the resonator round trip loss thereat so as to 
vary power transmission at a selected frequency. 



27. A control device as set forth in claim 26 above, wherein the wave transmission 
member comprises an optical fiber waveguide having a coupling length of small 
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diameter such that wave energy is propagated m part outside the fiber surface, 
and i phiralrryof resonaJars disposed along the coupling length in cou pli ng 
• relation to the member, each having resonant modes at a different one of the 
propagated frequencies. 

28; A control device as set forth in claim 26 above, wherein the wave transmission 
member comprises a planar waveguide having a coupling length of small 
diameter such that wave energy is propagated m part outside the waveguide 
surface, and a plurality of resonators disposed along the coupling length in 
coupling relation to the member, each having resonant modes at a different one of 
the propagated frequencies. 

29. An optical power control device in accordance with claim 1 above, wherein the 
control means introduces loss variations between substantially full and 
substantially zero transmission such that at least one optical frequency is switched 
on and off 

30. An optical power control device in accordance with claim 1 above, wherein the 
wave transmission member propagates a number of different frequencies in a 
wavelength division multiplexed mode, wherein the device includes multiple 
resonators, each resonant at a different frequency, and wherein the control means 
selectively switches (Le., blocks or admits) frequencies out of the multiplexed 
signals by varying transmission at each resoruunc. 
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31. An optical power control device in accordance with claim 1 above; wherein a 
phaality of resonators and Mandated control mem are disponed inline with the 
wave tra ntmitrio n member , each resonator and aaaociated control means 
c om p ri sing a modulator operating at a different optical frequency in a set of 
optical frequencies, and further including a plurality of User sources mat are in - 
line in the wive ttansmiasion member and transmitting different frequencies of 
the set in a downstream direction on the trensmission member, sod in which the 
mnrtnlstrr for each given frequency is downstream of the User source for mat 
frequency. 

32. An optical power conlrol device in accordance with claim 31 above, wherein the 
lasers and modulators alternate on the transmission member. 

33. An optical power control device in accordance with claim 3 1 above, wherein the 
wave transmission member comprises an optical fiber waveguide and wherein the 
lasers comprise fiber lasers such as fiber DFB lasers. 

34. An optical power control device in accordance with claim 33 wherein the device 
further includes optical pump means for the lasers coupled into the t ransmi ssion 

35. An optical power control device in accordance with claim 1 above, wherein the 
wave transmission member comprises a single optical waveguide having a 



WO 00/35057 



PCT/US99/2S89I 



predetermined length in which there is an external field distribution, and wherein 
the at least one resonator comprises a number of resonator* each responsive to a 
different frequency and each disposed along the predetermined length,. and 
wherein the control means comprises a plurality of round trip loss varying 
controls, each operable with a different one of the resonators. 

36. An optical wave power control device as set forth in claim 1 above, and further 
comprising s second wive transmission member in coupling relation to the 
resonator. 

37. An optical wave power control device as set forth in claim 36 above, wherein the 
wave transmission members are optical fibers each including a taper region with a 
narrow waist in coupling relation to the resonator and the resonator comprises a 
microsphere, oblate spheroid, disc or ring. 

38. An optical wave power control device as set forth in claim 36 above, wherein the 
wave transmission members are planar optical waveguides each including a taper 
region with a narrow waist in coupling relation to the resonator and the resonator 
comprises a microsphere, oblate spheroid, disc, or ring. 

39. An optical wave power control device as set forth in claim 36 shove, wherein 
the two transmission members couple to substantially the same resonator modes, 
and where the resonator round trip loss associated with resonator to transmission 
member couplings establishes near critical coupling between these resonator 
m oote r unc) each transmission member. 
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40. An optical power control device as set forth in 39 above, including means 
for varying the loss by varying the absorption c/ the resccator mode. 



41. An optical power control device as set forth in claim 39 above, wherein the 
means for varying absorption comprises s semiconductor that is varied by 
applying an electric field or voltage applied to the semiconductor. 



42. An optical power control device as set forth in claim 39 above, wherein the 
means fix varying absorption comprises a semiconductor that is varied by photo 
pumping the semiconductor. 



43. An optical power control device as set forth in claim 39 above, wherein the 
means for varying absorption comprises by a semiconductor that is varied by an 
injection curreni to the semiconductor. 



44. An optical power control device as set forth in claim 39 above, wherein the 
means for varying absorption comprises by a quantum well «*m ic o o<Juctor 
structure that is varied by applying an electric field or voltage to the 



45. An optical power control device as set forth m claim 39 above, wherein the 
means for varying absorption comprises by a quantum well semiconductor 
structure that is varied by photo pumping the semiconductor. 
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46. An optical power Control device as set forth in 39 above, wherein the 
means for varying absorption comprises a quantum well 'semiconductor structure 
that n varied by an injection current to the semiconductor. 

47. An optical power control device as set forth in claim 1 above, wherein the device 
includes a second member m association with the resonator and the means for 
varying the power level comprises means for varying the coupling of resonator 
mode power into me second member 

48. *An optical power control device as set forth in 47 above, wherein the second 
member is a waveguide and the means for varying the power coupling includes 
means for varying the phase matching of the waveguide relative to the resonator 
mode. 

49. An optical power control device as set forth in 47 above, wherein the waveguide 
is comprises an eiecirooptic material and phase matching is varied by applying a 
voltage to the waveguide. 

50. An optical power control device as set form m 47 above, wherein the waveguide 
comprises an optically nonlinear material and phase niafchmg is varied by optical 



31 



WO 00*5057 



PCT/US99/2M91 



51. An optical power control device as tet forth in claim 47 above, wherein the at 
least one. control means comprise! meant for varying a property that is the 
component of round-trip resonator lou »«^^H with the resonator to member 
coupling, with other sources of resonator round-trip loss being substantially fixed. 

52. An optical power control device as set forth m claim 51 abo*e, wherein the loss 
is varied by varying the resonator-to-member coupling amplitude K*. 

53 . An optical power control device as set forth in claim 52 above, wherein the 
coupling amplitude is varied by dectroopnc means. 

54. An optical power control device as set forth m claim 52 above, wherein the 
coupling amplitude is varied by optical means. 

55. An optical power control device as tet forth in claim 51 above, wherein the 
device i nc l udes means for varying the optical path length of at least one resonator 
mode. 

56; An optical power control device as set forth in 55 above, wherein the 
means for varying optical path length comprises means for varying the dielectric 
c on s t a nt of (he medium or media comprising the resonator. 
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57. An optic*] power control device as act forth m claim 56 above, wherein the 
means for varying dielectric constant "^pn'f^i means for application of an 
electric field. 

58. An optical power control device as set forth m claim 55 above, wherein the 
means for varying dielectric constant comprises means for application of an 
optical wave. 

59. An optical power control device as set forth in claim 55 above, wherein The 
means for varying dielectric constant comprises means for application of an 
applied electrical current 

60. An optical power control device as set forth in claim 55 above, wherein the 
means for varying dielectric constant comprises thermal means **c**>i»t~) with 
the resonator. 

61. An optical power control device as set forth m claim 51 above, wherein the 
device comprises means for varying me component of round-trip negative 
resonator toss (optical gain) separately from the resonator loss associated with 
the member couplings. 

62. An optical power control device as set form in daim 61 above, wherein the 
resonator comprises means for providing optica] gain. 
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63. An optical power control device is set forth in 61 above, wherein the optica] 
gain induce* over coupling. 

64. An optical power control device at aet forth in 47 above wherein the lots 
aasnciatnri with the control means induces under coupling. 

65. An optical power control device as set forth in claim 1 above, wherein the at least 
one resonator comprises at least two resonators, each resonant at a like frequency 
and each disposed at a different quadrant about the length of the wave 
transmission member. 

66: An optical power control device at set forth in claim 65 above, wherein the wave 
transmission is of arbitrary polarization and the resonators have equatorial 
surfaces within which WCM modes circulate, the «ruatohaI surfaces being in 
planes orthogonally disposed relative to each other, and the wave transmission 
member comprising a tapered fiber. 



67. An optical power control device, comprising: 

a continuous length of optical wave power propagating member 
characterized by guided wave evanescent fields extending outside the member for 
a portion of the mcmhrr, 

at least one high Q optical wave recirculating device having a 
peri p heral surface within the evanescent field of the member and e xchang ing 
wave power therewith, and 

. a wave power control in association with the at least one 
recirculating device for varying the wave power returned to the wave power 
propagating member from the resonator. 
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68. A control device as set forth in claim 67 above, wherm tbe rcorcuLuing device 
is a member of the dasi of wive power resonators characterized as whispering 
gallery mode devices and comprising spheres, discs, rings, oblongs, ellipses and 
polygons, and wherein the wave power propagating member is of the class 
comprising optical fiber waveguides. 

69. a control device as set forth in claim 67 above, wherein the recirculating device 
i* a member of the class of wave power resonators characterized as whispering 
gsilery mode devices and comprising spheres, discs, rings, oblongs, ellipses and 
polygons, and wherein the wave power propagating member is of the class 
comprising planar optical waveguides. 

70. A control device as set forth in claim 67 above, wherein the wave power control 
varies the returned wave power between the recirculating device and the 
propagating member either from overcoupled to critically coupled or from 
critically coupled to undercoupled conditions. 

71. An optical wave transmission control for in-line variation of power transm ission 
oo an optical waveguide, comprising: 



a low loss optical wave power recirculating device havmg a 
periphery adjacent to the optical waveguide ma relation to couple wave power 
therefrom, the recirculating device also returning wave power to the optical 
20 waveguide, and 

50 a variable coupling device operating with the recirculating device 

for varying the power returned to the optical waveguide fiom the recirculating 
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device to vary power t ransmission on the optical waveguide without introducing 
diicondmiitiej into the waveguide. 

72. An optica] wive transmission control as set forth in 71 anove, wherein the 
variable coupling device introduce! losses per rechrulanon round trip to either 
establish critical coupling of a previously overcoupled resonator or establish 
undercoupling of a previously critically coupled resonator. 

73. An optical wave transmission control ss set forth in claim 72 above, wherein the 
variable coupling device interacts with the recirculating wave to absorb s portion 
of the recirculating wave energy per round trip. 



74. An optical wave transmission control as set forth in claim 71 above, wherein the 
variable coupling device alters the refractive index of the wave recirculating 
35 devic * to i* resonant frequency and hence vary transmission on the 

optical waveguide. 

73. The method of modifying the power level of a mono-wavelength signal in an 
^ 1$ optical waveguide comprising the steps of: 

transferring a part of the power transmitted along toe waveguide 
into a whispering gallery mode resonant at the transmitted wavelength; and 
returning power to me optical waveguide from the whispering 

flillw v mrwio- 

^5 L> J "I. 

20 introducing s controllable Ion in the power of the whispering 

gallery mode to modify the power level in the mmmiitted signal in the 
waveguide. . 

50 
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76. A method as set forth in claim 75 above, wherein the intrinsic losses in 
transferring power and m wmsporing gallery mode operation are insufficient to 
• extinguish the waveguide power level and the controllable loss is varied in a 
range greater than the intrinsic losses. 

77. A method as set forth in claim 76 above, wherein the introduced control! sblc loss 
is varied between a critical coupling level wherein the waveguide transmitted 
power is at a niinimum and a level at which the waveguide transmined power U 
substantially unattenuatpd . 

78. A method as set form in claim 75 shove, including the added steps of 

distributing a portion of the electromsgnetic power outside the 

waveguide; 

coupling the power outside the waveguide into the whispering 
gallery mode; and 

effecting the controllable loss while coupling power from the 
whispering gallery mode bade to the waveguide. 

79. A method as set forth in claim 78 above, wherein the waveguide transmitted 
power is non-polarized and wherein the step of introducing the controllable loss 
includes establishing at least two whispering gallery modes in which power 
chxulates in planes that are orthogonally disposed relative to each other. 

80. A method of modulating or twitching light at a single wavelength along a 
continuous optical waveguide comprising the steps of 
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propagating a guided part of the optical power along but outside 
the waveguide;- 

transferring a portion of the power that it outside the waveguide 
mm a high Q recirculating path in which a portion emanate* outwardly fiom the 
recirculating path; 

. returning power from the recirculating path to the optical 
waveguide; and 

introducing loss to the recirculating power in controlled fashion to 
modulate ihe power propagated along the waveguide. 

25 *° 81. A method as ict forth m claim 80 above; wherein the power is propagated outiide 

the waveguide by the step of changing the waveguide cross section, and wherein 
the power propagated along the waveguide is attenuated over 90% from unity 

30 v * iuc by establishing s critical coupling loss m the power m the recirculating 

path. 

35 15 SZ A method as set forth in claim 81 above, further including the rtepi of limiting 

power in the recirculating path to modes resonant at one or more frequencies and 
building up recirculating power at the resonant modes. 

40 

*3. The method of modulating optical power within an optical waveguide comprising 
the steps of* 

coupling at least some transmitted power from the waveguide into 
at least one rccnxulatmg wave power path resonant st at least one frequency, 

coupling recirculating power back to the optical waveguide, and 
absorbing a controflod amount of power from the at least one 
locu u i litm g path to modulate optical power transmission along the waveguide. 
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84.. A method as ict Ibrth in claim S3 above, wherein the optical power transmitted 
comprises a tingle wavelength signal and wherein the step of recirculating is 
resonant at that wavelength. 

85. A method as set forth in claim 83 above, wherein the optical power transmission 
comprises at least two different wavelength signals and the step of absorbing 
power from the at least one recirculating path comprises absorbing power from 
the different wavelengths. 

86. A signal amplitude modifier for use at optical wavelengths comprising; 

a waveguide for conducting optical power, the waveguide 
including at least a segment in which propagated power is partially distributed 
adjacent the waveguide; 

a low loss, optical power recirculating device disposed to couple a 
portion of the power distributed adjacent the waveguide into the device for 
cumulative recirculation therein, the recirculating device generating an external 
field coupling power propsgaied tfaerewitbin back to the waveguide; and 

loss control means disposed in association with the recirculating 
power device for absorbing the power during recirculation to modify the 
amplitude of the optical power propagated along the waveguide. 

87. The invention as set forth in claim 86 above, wherein the recirculating power 
device comprises a whispering gallery mode ele m e nt having a selected in 
accordance with signal wavelength and bandwidth. 
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88. The invention as set forth id claim 86* above, wherein the recirculaang poutr 
device comprises a whispering gallery mode element having sQ in excess of 
1.000, lesonant at a selected frequency. 

89. The invention as set forth in claim 88 above, wherein the whispering gallery 
mode element comprises* dielectric microcavity selected from the class 
comprising inicrospheres, oblate rpneroida, discs, and rings. 

90. The invention as set forth in claim 89 above, wherein the whispering gallery 
mode device comprises a microsphere, ring or disc of a diameter leu than 1000 
microns and the waveguide comprises an optical fiber having s narrow waist 
region, the microsphere being attached to the waist region. 

91 . The invention as set forth m claim 89 above, wherein the optical fiber which has s 
reduced diameter waist region of no greater than about 10 microns and Upered 
transition sections integral therewith joining to the optical fiber waveguide at each 
end, and the microsphere has a diameter of the order of 30 microns. 

92. Tee invention as setfbrth in claim 86 above, wherein the input optical power is 
not DDoeaaarily polarized, including at least two optical power recirculating 
devices disposed adjacent the waveguide segment, m mterchange relation with 
power distributed about the segment, and each being in power uacrchaqge 
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relation with the low control meant, such ton modification of optical power in 
the waveguide u independent of polarization. 

93. The invention aa set forth in claim 86* alwve, wherem the ampUtude modifier 
mcludet a number of wave power recirculating devices, each disposed along the 
wave distributing segment of the waveguide m power interchange relation with 
the distributed field thereabout, and each responsive to s different wavelength 
signal. 

94. A modulator for use with an optical fiber transmission system, comprising: 

an optical fiber having i narrow waist providing exterior 
waveguided power thereabout, the wave power having a selected nominal 
frequency; 

an optical resonator disposed in close proximity to the waist in 
communication with the exterior waveguided energy, the resonator being 
configured to be resonant and to generate internal recirculating modes at the 
selected nominal frequency and the communication with the waist incl uding 
power return to the fiber, and 

loss control meant comprising an optical power absorber in 
communication with the power recirculating in the resonator, for introducing a 
loss as the mo des recirculate to thereby either establish critical coupling of a 
previously overcoupiea resonator or establish undereoupling of s previously 
critically coupled resonator. 

95. A modulat o r as set forth in claim 94 above, wherein the resonator comprises a 
whispering gallery mode device comprising an dement having an equatorial 
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but guided field diitributka outside the periphery. 

96. A modulator as tet forth is claim 93 above, wfaemn the resonator comprises a 
rmcrospbere, oblate spheroid, ring or disc, wherein the loss control menu 
comprises a signal responsive sankooductor element in the enxanaiing field of 
the recirculating energy, sod wherein the Q of the microsphere is determined by 
nang the microsphere in accordance with the spectral iinewidth required for a 
data rate to be used in transmission 



97. A modulator as set forth in claim 93 above, whereio the resonator comprise, a 
silica microsphere, wherein the low control mean, comprise, . signal responsive 
semiconductor element m the emanating field of the recirculating energy, and 
wherein the Q of the microsphere it determmed by sizing the microsphere in 
•cccrdanc* wirn the specie 
transmissioQ. 



8. Apparatus for controlling transmission of carnations of a number of different 
optical -frequencies on an optical waveguide comprising: 

a waveguide capable of propagating the different frequencies and 
diaracierized by a coupling section having field propagation partially outside the 
surface of the waveguide; 

a plurality of whispering gallery mode resonators disposed 
adjacent the coupling section of the waveguide and coupled thereto, each 
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resonator hiving k resonant mode it a diflferaatoMof the opticaJ Irequcacies tnd 
each coupling back to the waveguide, and. 

a plurality of means, each coupled to a different one of the 
resonators, for maependamty varying the Jc« the respecire 
signals at that frequency returned to the waveguide mch a« to leparatefy swhch 
off that frequency on command. 

99. Apparatus as set forth in claim 98 above, wherein the resonators have Q values 
that are selected in accordance with signal frequency, bandwidth and mode 
frequency separation in affo r d a n ce with the general spectral extent of the optical 
frequencies. 

100 Apparatus as set forth in claim 98 above, wherein the whispering gallery 

mode resonators are microspheres. 



1. Apparatus as set forth in claim 98 above, wherein the whispering gallery 
mode r esonator s are discs, rings, or oblate spheroids. 

2. Apparatus as set forth in claim 98 above, wherein the waveguide is an 
optical fiber which has a reduced diameter waist region. 

I. A system for ge n e ra ting and controlling multiple optical signals of 
diflferemwavelengmsonaaiagjbopt^ of propagating 

multiple wavelengths within a chosen bandwidth, comprising: 
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tn optical waveguide having at lean two integral length! with 
Partially external distribution of guided wave power, the optical waveguide also 
including at lean two m-waveguide optical power sources operating ar different 
wavelengths in the chosen band width; 

at least two optica] resonators, each being resonant at a different 
one of the wavelengthi in the chosen bandwidth and each being disposed m 
coupling relation to a different integral length of the optical waveguide and 
coupled thereto, and 

s control system optically coupled to each of the resonators for 
controlling power luss thereat, whereby propagated power st different 
wavelengths is separately controlled in the single optical waveguide. 

104. A system as set forth in claim 103 above, wherein (he optical waveguide 
is an optical fiber and the at least two integral length* comprise narrow waist 
sections naving integral tapered transitions to the fiber, and the resonators are 
internally reflecting volumes of optical material that recirculate optical waves at 
the individual chosen wavelengths, and have an edge coupled into the externally 
distributed portion of the guided wive e n e r gy . 

103. A system for controlling the amplitude level of optical signals of a chosen 
wavelength transmitted along s waveguiding element with undefined polarization 
com prising: 

a coupling length of the wave guiding element which is 
dimensioned and configured to establish s partially exterior distrioution of guided 



s pair of resonators of the whispering gallery mode type disposed 
along the coupling length of the wsveguiding element in coupling from and to the 
exterior distributed wave-power, the resonators Owing orthogonally disposed 
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relative id the pro pagat i on axis of the coupling length and mount at the chosen 
wavelength, and 

lou control means utoriiTnri with each of the resonators for 
introducing controllable loss m the wave power recirculated at the resonators, 
such that the propagated signals are controlled regardless of their polarization. 

1.06- A system as set forth in claim 105 above, wherein the waveguided 
element is an optical fiber having a narrow section in which waveguiding is 
maintained partially within and partially adjacent the fiber, and wherein the 
resonators ire volumetric nucrocavities having equatorial peripheries lying in 
planes which are radial Id the fiber and orthogonal to each other, such that 
whatever the orientation of the polarization vector the controlled amplitude level 
is in accordance with the desired controllable loss. 

107. A device for modifying the optical wave signals on an optical waveguide 
system, comprising: 

first and second optical waveguides each having an interaction 
section in which optical wives are guided in part outside the waveguide; the 
interaction sections being spaced apart and at least one of the waveguides 
transmitting optica] waves at at least one ^ h r^tr p frequency; 

a volumetric dielectric microcavity device, operating in a WGM 
mode and resonant at me chosen frequency , disposed between the interaction 
sections of me first and second waveguides and having peripheral arcs m 
coupling relation to the nucraction sections of both waveguides; and 

variable optical wave power absorber means operating whh the 
microcavhy device for varying the power level of the wave circulating in the 
microcavity device at the chosen frequency. 
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10*. Ad*vicco*tfor*mci^lO^ 

b« «a mte*ctiv* oquttorial .ecxrc^lation ptffa for po w at ,«onant n^queocies 

id waveguides lie in a common 
pboe with the equrt»uJ recircuUdco p«h, ^ wtaein te .b^^ 

5 ^^>™Powsrbyinh«hici»glc«ihtt^ 

109. A device u ict forth m cknn I OS »bo wWin the fim 

weveguiderere optfel fiber, and the inatr^ ,erfc~ .re w^ region, 
imegnUy formed within the finer* end the micre<evity device it » device 

10 110. For « optica lyna, iaroduong , vmable opticl power tnuumiuioa in 
«n optica waveguide «dj««it to . whupering gUIery mode ophed w»ve 
reciraileior. the improvement in means for controlling the power varianoc 
comprising: 



a dielectric volumetric resonator for supporting whispering gallery 
mode, at at least one resonant frequency inciuduig energy msp^ 
for varying the frequency of the at least c« resonaiU mode to vary the 



^ 1U# An improvement m controlling means as set form m claim 110 aW 

wherem the energy rcspcimv^ 
20 dielectric resonator that varies in dielectric < 



t m response to an external 
stanuhxa, 
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11Z Anbnproveniembcontrollmgn^ 111 above, 

excitation, and improvement mdudes variable control means for externally 
exciting the layer. 



113. An improvement m transmission control at act forth m daim 1 1 1 shove, 
wherein the resonator itself is of optically nonlinear material and the improvement 
include* control means that illuminates the resonator with variable intensity 
radiation. 

M. For an optical system which introduce* a variable power transmission in 
an optical wave transmission memb er by coupling wave power from a whiipering 
gallery mode device, the improvement in transmitted power control comprising: 

t whispering gallery mode resonator responsive to at least one 
resonant frequency for recirculating optical waves of that foquency within a 
plane having an equatorial boundary, the resonator operating to provide guided 
wave power emanating from its periphery, 

optica! wave power absorber means within the emanating guided 
wave power from the resonator for absorbing a portion of the recuxuiating wave 
power, and 

means coupled to the absorber means for varying the level of 
absorption of recirculating wave power. 

5. An hnprovement in transmitted power control as set forth in d/>}m 114 
•hove, wherein the absorber means comprises a quantum well structure formed 
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from layero of optically active and btrricr material nnd the mens for varying the 
level of absorption provides an electrical signal to the absorber meant. 

116. An Approvement in transmitted power control as set forth in claim 1 15 
above, wherem the absorber means is formed of active layers of InOaAs and the 
barrier layers arc of InGaAiP. 

117. An improvement in transmitted power control as set forth in claim 1 14 
above, wherein the absorber means comprises «t ■rom h ytTW materials having 
selected band gaps related to the energy of the tignal wave photon energy and the 
means for varying the level of absorption comprises means for optically pumping 
the *** m i c^ xyf iictDr materials. 

118. An improvement in transmitted power control as set forth in claim 114 
above, wherein the absorber means comprise! semiconductor materials having a 
selected band gap related to the signal wave photon energy and the means for 
varying the level of absorption comprises means for establishing a variable 
electrical field at the semiconductor mate rials 

119. A system for controUabry varying the signal transmission in an optical 
waveguide without transitions in a coupling to the waveguide hsct£ comprising; 

as optical waveguide having an integral ^'pK'ng section therein in 
which an exterior portion of waveguided energy emanates into the surrounding 
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and optical planar waveguides; 

* 

15 * dielectric optical microcavhy member supporting at least one 

whispering gallery mode internally ax at least one resonant frequency, fee 
5 mienxavrty member prtxnu^ intD the emanating waveguided energy and 

coupling optical waves partially *r«n and back inm the w^ 
20 microcavity member is selected from the ciass comprising microsphere*, disc* 

and rings of spherical and norwpherical geometry, and 

means associated with the microcavity member for mtrodiicing low into 
tte wm'tpering gallery mc^ and ther^ 
optical waveguide. 
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120. An optical wave power control device for varying the transmitted power 
at it least one optical frequency (Le., optical carrier wave) on as optical wave 
power transmission member comprising: 



an optical wave transmission member configured for propagating and 
guiding optic*] power *t &l least one optical fi^quency; and 



r one whispering gallery mode optica] wave resonator disposed in 
coupling relation to the transmission member, positioned to couple wave power 
from and to the member, and m fi^ency resonance wio a « wave 
propagating on the transmission m ember . 

at least ooe control means, each in operative rei*tioc*hip to a different one 
of the at least one resonator*, for varying a property of the respective resonator 

49 



55 



WO 0005057 



PCT/US99/M89I 



5 



10 



15 



20 



25 



30 

10 



35 



40 



45 



50 



such that the optical wave transmitted in the wave trammissicc member it vihed 
m power level. 

121. An optical wave power control device a* teT forth m claim 120 above, 
wherein the property that is varied is the component of round-trip resonator loss 
thai is distinct from the resonator loss associated with the member coupling. 

122. An optical wave power control device as set forth in claim 121 above, 
wherein the loss is vaneo by varying the absorption of the resonator mode. 

123. An optical wave power control device as set forth in claim 122 above, 
wherein the absorption ij produced by a semiconductor and varied by applying an 
electric field or Voltage to the semiconduct or, 

124. An optical wi vc power control device as ict forth in claim 122 above, 
wherein the absorption is produced by a semiconductor ind varied by photo - 
pumping me semiconductor. 



15 125. An optical wave power control device as set feem m claim 122 above. 



b absorption is produced by a semiconductor and varied by an injection 
current to the semiconductor. 



50 



55 



WO00OS0S7 



PCT/USWIM9I 



126. 



Aa optical Wave power caooxil device ...etfcrtbincWm 122 above; 
*>««nlhe Option ispre.W by a quamum well laaiconductor 
varied by .pp^ „ eJcctri£ ^ ^ Vo(t ^ ^ 



127. Anopee^^vepov^coBiroldevkeM^fonhb^,^^ 
"herein ft. ab«*puon i, produced by a ouamu™ weU semiconductor rfrucure 
«d varied by photD pumping the Kmiconductcr. 

12*. Aaoptiealwave power control device uaa forth iaclaim 122 above, 
•ad varied by an iojectioa current to the aemieonductor. 

1». ^oP^wavepowereontreldeviceoaetforthiDcleim 121 above, 
"herein the fa. is varied by varying 4. coupling of resonator mode power into 
mother member or sffucmre. 



130. 



An optic&J wa.vt power control device as set forth in 129 above, wherein 

resonator mode is 



the ftructuro u a waveguide who* phase niatctfog to the 
varied to conftoJ power coupling. 



131. AnopticaJwave power coiiirtj device « act lorm m 
wherem the waveguide is compos 
xnatching iiy^iodby applying a Voltage to the waveguide. 
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m *^«v*rwdbyopt«uIt 



133. 



forth in claim I20*bove, 



Ao optic*] wive power comml device i 
*"°nArar round-trip lost being fixed. 



134. 



M , «U wv, ^ « deviec M ^ ^ h ^ m ^ 

coupling amplitude 



wherein the low is vtried bv virvm. ^ 

OTB °y varying the reatmaior-to-meniber 



t meant. 



^erem the coupling ia varied by electrooptic i 



136 ' ^o P ticaJwa^^ WcQa&oJ< ^ 

^ MUIcr lortn m claim 134 above, 

wnerem me coupling ia varied by opticaJ i 



137. 



oraode* «l-»'«g4 of the 
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13*. An optical ^powrr con.ro! d a vk etltetfoctfamcIlJInl 3 7lbovTi 
*b«a the optica pa* I*,,,, U ^ ^ ^ ^ ceBftim<rflhe 
medium or media compriaing the reaooalor. 

139. An optical wave power control devie* a, «, forth ^ ^ m ^ 
wbereia the dielectrie eoomm i, v«ied by application of an electric field. 

140. An optical wave power control device aa ut fort, m claim 13 8 above, 
therein me dielectric ccnafcm u varied by application of an optical wave. 

141. An optical wave power control device a. « form m claim 138 above, 
whe^in the diclearic coctant i, varied by application of an applied electrical 



10 current. 



142 



An optical wave power control device aa a* forth in claim 138 above, 
wherein the dielectric cooxtanr it varied by thermal t 



143. An optical wave power control device aa let forth in claim 1 20 above, 
wherein me property ma, » varied.i, fte compo™* of round-rrip negative 
45 15 "«tt)rlou (optical gam) mat u diatma ^ the roaooamr lo« aaaociamd 

with the member coupling. 
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144. An optical wave power control device asset forth in claim 143 above, 
i the optica] gam is provided by the r 



145. An optical wave power control device as set forth in claim 121 above, 
wherein the resonator and member introduce components of round-trip resonator 
lots such that the resonator is over-coupied and the loss associated with the 
control means i n d uces critical coupling. 

146. An optical wave power control device as set forth m claim 121 above, 
wherein the resonator and member introduce components of round-trip resonator 
loss such that the resonator is critically coupled and the loss associated with the 
control means « n ^"Tt under coupli ng 

147. An optical wave power control device as set forth in claim 133 above, 
wherein the resonator and member introduce components of round-trip resonator 
los, such that the resonator is over-coupled and the loss associated with control 
means is varied to induce critical coupling. 

14S. An optical wave power control device as set forth in claim 133 above, 
wherein the resonator and member introduce components of round-trip resonator 
loss such that the naomtor is art 
coofrol means is varied to induce under coupling. 
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h An optical wive power control device as set forth m ^*«^ 133 above, 
wherein the re locator and member introduce components of round-trip resonator 
loss such that the resonator is critically coupled and the optical gain »««/y"T^ 
with control means induces over coupling. 



150. An optical wave power control device as set forth in claim 133 above, 
wherein the resonator and member introduce components of round-trip resonator 
loss such that the resonator is under coupled and the optica] gain associated with 
control means mrtnres critical coupling. 

151. An optical wave power control device as set forth in claim 1 20 above, 
wherem the optical wave transmission momt^ propagates a number of different 
frequencies and wherem the device includes a plurality of resonators, each 
resonant at a different one of me propagated frequencies and in coupling relation 
to the. wave transmission member, and a plurality of control means, each disposed 
in relation to a different one of the resonators and controlling a property of the 
resonator thereat so as to vary power transmission at a selected frequency. 

L5Z. An optical power control device in accordance with rJ.im 120 above, 
wherein a plurality of resonators and associated control means are disposed inlin e 
with the wave transmission member, each resonator and associated control means 
comprising a modulator operating at a different optical frequency in a set of 
optical frequencies, and further including a plurality of laser sources that are in - 
line in the wave transmission member and transmxmng different frequencies of 
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5 



10 

moduUn* for each £^ 
,5 ircquency. 



20 * wherein the 



153. An optical wive power control device as set forth ui claim 1 20 above, 
wave transmission member it an optical nW and cc^piiag to the at 



least one whuoermg gaJJery mode optical wave resonator occurs at a tapered 
region of me fiber. 
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